Abstract: This paper reports on the initial findings concerning the susceptibility of silicon wafers to acoustic microcavitation induced damage. It is counter-intuitive that very clean, smooth, mirror finished wafer surfaces immersed in ultra-clean water when exposed to megahertz acoustic fields can give rise to cavitation. Experiments indicate that such cavitation is possible but that the threshold for such cavitation induced damage is quite high.
INTRODUCTION
Acoustics will find increasing use in the semiconductor industry. Removal of particulates from silicon wafers has assumed critical importance in semiconductor manufacturing.
Following the National Technology Roadmap for Semiconductors (1994) one observes that every three years a new generation of enhanced memory chips is being fabricated. With each new generation the memory capacity is quadrupled. This is primarily achieved by integrating more circuits per chip--enhancing device performance through continued miniaturization. This shrinking of circuits is understood in terms of the smallest feature size called the line width. With every new generation the line width shrinks to 70% of its previous value.
Particulates larger than a third of a line width constitute defects. Consequently cleaning requirements have become extremely stringent. The 1998 road-mapped specifications for a DRAM chip (minimum feature size 0.25 l.tm) require removal of all particulates larger than 0.08 l.trn.
Small particles are not easy to remove. Compared to a 0.5 mm particle, a 0.5 l.trn particle adheres to the surface a million times more strongly. Stronger acoustic fields are needed for effecting fine cleaning of silicon wafers.
Additionally, packing more circuits per chip has necessitated "multi-storied" architectural layouts. When the "first floor" circuitry is built on an initially polished flat wafer the reference flatness is lost. This is because the processing is essentially diffusion-dominated which creates an uneven, roughened surface. Before raising subsequent "floors", the wafer needs to be planarized.
In the mid-1980's, IBM introduced the CMP process-chemical mechanical planarizing or polishing-to restore wafer flatness. In CMP the wafer is lapped using a fine, fumedsilica slurry. CMP ensures the global planarization of the wafer surface necessary for the subsequent lithography steps. CMP has now become the planarization process of choice in the manufacture of all sub-O.5 pm devices. Several CMP operations are typically necessary in wafer processing. Every CMP station must have a post-CMP cleaning unit.
It is clear that a silicon wafer will be exposed to the acoustic fields many times during its processing cycle. Quite possibly it would be exposed to intense acoustic fields, because higher acoustic intensities are needed in effecting fine cleaning. The current practice of megasonic cleaning uses acoustic fields at low megahertz frequencies, primarily, to preclude cavitation damage to the wafer surface. Use of megahertz frequencies is prompted because cavitation thresholds at higher frequencies (low megahertz range) are greater than those corresponding to lower frequency fields (low kilohertz range).
But there is no information available in the current literature on the measurements of cavitation thresholds for damage to silicon wafers. Until such thresholds are established one will not know the limits on the maximum acoustic intensities that might be safely deployed in the fine cleaning of silicon wafers with no damage to wafer surface.
In this paper we report on the cavitation susceptibility of silicon wafers to acoustic fields.
EXPERIMENT
Clean pieces of silicon wafers, 1 cm square, are cut out by scribing 125 mm wafers. This wafer-piece is held at the focus of a focused acoustic transducer-LIZ-1, air backed, 38 mm spherical segment with a resonance frequency of 1 MHz. The acoustic transducer is driven at one percent duty cycle, with 10 ps long 1 MHz tone burst at 1 kHz pulse repetition frequency.
The transducer assembly including the wafer-piece holding fixture are in an ultrapure water environment.
Water purity is maintained better than the DI water typically used in semiconductor processing. To observe cavitation we use a horoscope and a CCD camera connected to a TV monitor. The image seen is 40x magnified and cavitation, when it occurs, manifests as a shower of white spots on the black-mirror wafer-piece. The experiment essentially consists in gradually increasing the voltage input to the transducer and observing the wafer image for any cavitation events.
The voltage amplitude for the first appearance of cavitation determines the threshold. Frequently during a test, we stop the insonification and observe the wafer test piece under a Polyvar Leica epi-illumination microscope at a magnification of 1250x to examine whether any cavitation damage has occurred. The acoustic transducer has been calibrated and the peak pressure at the focus is known for the various voltage inputs to the transducer. The 3 dB focal spot of the transducer is 2 mm in diameter.
Studying wafer surface for cavitation damage offers a unique context for studying cavitation erosion. Silicon wafers are single crystal silicon; electronic grade silicon is 99.9999999 percent pure. In silicon the unit structure is a face centered cube. For almost all device fabrication the crystalline plane used is either (111) or (100). The wafers we have tested appear to have the (111) plane orientation.
These are 125 mm diameter wafers, 625 micron thick with flawless mirror smooth polished surfaces. Most circuits are created using only the upper 1% to 2% of the silicon wafer thickness. This zone is called the denuded zone and is a defect free zone. The unique feature of this 'mirror smooth-defect free-hydrophilic surface' is that it does not offer any significant crevices in the traditional sense to facilitate cavitation nucleation.
A clean wafer surface immersed in ultra-clean DI water then should be a cavitation-free region.
It is indeed cavitation-free for low intensity continuous acoustic fields of megahertz frequencies.
At, higher intensities, however, cavitation damage might occur. Our intent is to establish the precise threshold for cavitation at the wafer surface.
The cavitation regime we have worked in is acoustic microcavitation, and involves micron-size bubbles that last a few microseconds-especially if the cavitation causing fields are operated at low duty cycles. In our experiments we have used 1% duty cycle. The reasons for using short pulses are the following:
1. The transducers can be run cool at low average power, yet the peak pressure in short duty cycles tone bursts can be significantly high. 2. Our experience with the deinking of xerographic ink shows that compared to long tone bursts, short pulses are more effective in bringing about microcavitation induced deinking. Such deinking is a deterministic phenomenon above threshold conditions; removes all the ink over the focal spot and leaves the paper immaculately white and entirely unhurt. Deinking appears to occur within a few pulses, tiny white spots soon filling the entire focal area. 3. Low pulse repetition frequencies permit easier visualization.
RESULT AND CONCLUSION
In this preliminary reporting of the susceptibility of silicon wafers to cavitation damage we have observed that below threshold levels there is no surface damage even at 1250x microscopic inspection.
The threshold level is a rather precise value 60 atm peak negative. When the insonifying acoustic pressure amplitude is at threshold value, within a short time the focal spot lights up as if it is being fired at with bullets. It appears as if it is a single burst of bullets, uniform over the focal spot as imaged through a horoscope at 40x magnification.
For want of space no photographs are shown here. The real time video recordings will be shown during the conference presentation.
On detail observation at higher magnification one finds that the focal region is profusely pitted with varied pit-sizes and some definite patterns and fracture signatures characteristic of the (11 I) orientation.
A detailed investigation of the nature of cavitation damage is planned for a future report.
The only firm conclusion at this initial stage of the study is the following: The threshold for microcavitational damage to silicon wafer surface is 60 atm peak negative. This is a rather sharp threshold, which is to be expected given that the surface and the host are clean and smooth.
